Background: Seminoma stage I is the most frequent testis cancer and single-dose carboplatin (AUC7) is an effective and widely used adjuvant treatment. Underdosing of carboplatin by 10% has been shown to almost double the rate of relapse and hence correct dosing based on accurate GFR measurement is crucial. The gold standard of GFR measurement with a radiolabelled isotope is expensive and not readily available. In many institutions, it is replaced by GFR estimation with the Cockcroft-Gault formula, which might lead to significant carboplatin underdosing and potentially inferior clinical outcome.
introduction
Stage I seminoma is the most commonly diagnosed testis cancer and accounts for ∼40%-45% of all testis cancers [1] . The risk of recurrence after tumour orchiectomy is 15%-20%; active surveillance or adjuvant treatment is possible management options [2] . Contemporary guidelines favour active surveillance for seminoma stage I and single-dose carboplatin is listed as adjuvant treatment option [2, 3] . The large phase III TE19/EORTC 30982 trial demonstrated the non-inferiority of a single dose of carboplatin when compared with paraaortic radiotherapy as adjuvant treatment reducing the risk of recurrence to 4%-5% [4] . Data from Scandinavia show that adjuvant carboplatin is nowadays the treatment chosen in up to 70% of all stage I seminoma patients [5] . In the phase III, TE19/EORTC 30982 trial the dosing of carboplatin was performed by using the Calvert formula with an area under the curve of 7 mg/ml/min (AUC7) [4] . The glomerular filtration rate (GFR) was determined using radioisotope measurement with either 99m Tc diethylene triamine pentaacetic acid (DTPA) or 51 Cr ethyldiaminetetraaceticacid (EDTA), which are both considered reference methods for measuring GFR in clinical practice [6] [7] [8] . Alternatively, collection of 24 h urine was allowed in the trial (38% of patients) but these patients received only 90% of the calculated dose according to the TE19/EORTC 30982 protocol. In the updated analysis, these dose-reduced patients had a 5-year relapse rate of 7.4% compared with 3.9% (P = 0.08) for patients with adequate carboplatin dose, i.e. the rate of relapse almost doubled with only 10% dose reduction [9] . Hence, optimal dosing of carboplatin based on accurate calculation of GFR is crucial. Contrary to the pivotal trial, measurement of GFR by radioisotope scanning is uncommon in many cancer centres [10] . Using 24 h urine collection for estimation of kidney function is no longer recommended by some experts, as it is cumbersome and prone to errors [11] . Instead, estimation of GFR (eGFR) is mainly based on formulae (most commonly Cockcroft-Gault) and serum creatinine (SCrea), a practice that was explicitly not allowed in the study protocol.
The aim of this retrospective cohort analysis was to compare the actual GFR measured by radioisotope methods with different formulae for the eGFR and a proposed flat dosing algorithm in seminoma stage I patients with normal renal function and to assess their impact on potential underdosing [12] .
methods patients
All patients with stage I seminoma up to the age of 60 years treated with adjuvant carboplatin between January 1999 and January 2012 at the Cancer Care Directorates of Southampton University Hospital, Poole and Royal Bournemouth Hospitals, UK, were included. Patients were retrospectively identified from the hospital pharmacy's chemotherapy-delivery log. Patient details including measured GFR were identified from the records of the Department of Nuclear Medicine. In a second step diagnosis, details and administration of treatment were controlled and confirmed by chart review. This enabled complete capture of all treated patients. Characteristics of each patient were recorded at the day of treatment including age, weight, height, SCrea and actual carboplatin dose administered. Body surface area (BSA) and body mass index (BMI) for each patient were calculated.
Patients exceeding the predefined age limit of 60 years or with incomplete datasets were excluded.
laboratory methods
GFR was measured by a radioisotope method ( 99m Tc DTPA or 51 Cr EDTA).
All procedures were performed at the Nuclear Medicine Departments of Southampton University Hospital and Poole Hospital. Actual and BSA-corrected GFR values were recorded. SCrea was measured using the kinetic Jaffe method.
GFR calculations and calculations of carboplatin dose
Cockcroft-Gault, Jelliffe, Martin, Wright, Mayo, MDRD and CKD-EPI formulae were used for eGFR values. Actual body weight was used in all formulae and they were not corrected for standard BSA of 1.73 m 2 . Therefore Mayo, MDRD and CKD-EPI were adjusted with the factor (BSA/1.73). Adjustment for race was not included as >95% of patients were of Caucasian origin.
Hypothetical and actual Carboplatin doses based on different GFR estimations and measured GFR were derived using the Calvert formula with an AUC7. Hypothetical Carboplatin dose was also calculated using the flat dosing formula by Ekhart et al. [12] based on mean clearance of our own patient population.
statistical methods
Bias for each GFR formula and hypothetical carboplatin dose compared with measured GFR and the actual Carboplatin dose was quantified by percentage error (PE %), i.e. the percentage difference between the estimated and measured GFR. Positive bias indicates overestimation of GFR, negative bias indicates underestimation.
Precision was determined by absolute percentage error (APE), i.e. the absolute difference (i.e. only positive values) between the estimated and measured GFR as percentage of measured GFR. Number and percentage of patients, who would be considered underdosed (defined as <90% of actual dose based on measured GFR) or considered overdosed (defined as >125% of actual dose) were calculated.
Bland-Altman plots illustrate bias and distribution of errors between estimated and measured GFR in relation to different levels of renal function [13] .
Mean percentage error (MPE), mean absolute percentage error (MAPE) and proportion of patients with clinically relevant over-and underdosing were calculated for different subgroups according to age and BMI.
Formulae including references are listed in supplementary material S1, available at Annals of Oncology online.
Statistical calculations and plots were performed with R Project for Statistical Computing Software, Version 3.0.2 [14] .
results
A total of 473 patients having received adjuvant Carboplatin AUC7 were identified. Ten patients (2.1%) over 60 years and 37 (7.8%) with SCrea analysed by external laboratories not using the kinetic Jaffe method were excluded. The patients excluded did not differ in any relevant way from those included (supplementary Table S2 , available at Annals of Oncology online). Table 1 shows the characteristics of the 426 (90.1%) assessable patients.
comparison of GFR and carboplatin doses Table 2 shows that the Cockcroft-Gault, Wright formulae and the flat dosing algorithm exhibited the least bias (MPE of +2.1, +0.4, and +1.9, respectively) and best precision (MAPE 11 for all three formulae) in this patient population with proportions for relevant underdosing of 18%, 24% and 19%.
The Jelliffe and MDRD formulae have the worst bias (MPE −13 and −7.8, respectively) and precision (MAPE 15 and 13) with greatest proportions of potential underdosing (63% and 49%). Martin and Mayo formulae would lead to increased overestimation (MPE +7.3 and +14, respectively) with high proportions of potentially adverse overdosing in 10% and 25% of patients.
The PEs between estimated and measured GFR are also shown as waterfall plots facilitating the visualisation of the magnitude of imprecision, the predominant direction of differences and proportions of patients with hypothetical over-and underdosing for each formula ( Bland-Altman plots show that differences between estimated and measured GFR increase with higher GFR values for the Cockcroft-Gault and Martin formulae. This is less pronounced for the Wright and Mayo formulae. On the contrary, MDRD, Jelliffe and the CKD-EPI formulae in particular are associated with the opposite phenomenon-that is increasing underestimation with higher levels of renal function (Table 2, Figure 2 , and supplementary Figure S3b , available at Annals of Oncology online).
comparison of subgroups according to age and BMI
Results of those three formulae with the best performance in the overall and subgroup analyses are shown in Table 3 . If the Cockcroft-Gault formula was used for Carboplatin dosing, patients aged 40-59 years or with BMI 20-25 would be at the highest risk for underdosing.
discussion
Our analysis shows that the Cockcroft-Gault and other formulae do not reliably estimate GFR for many patients with stage I seminoma with normal renal function increasing the risk for under-and overdosing at the same time.
Several different formulae to estimate renal function have been described and their use, especially Cockcroft-Gault, is popular among oncologists as it is quick, cheap and easy. However, most of the formulae are derived from patients with chronic kidney disease (Cockcroft-Gault, CKD-EPI, Mayo, MDRD) or heterogeneous cohorts of cancer patients, who were often elderly and co-morbid (Jelliffe, Martin, Wright). Younger patients with testicular cancer and normal renal function were underrepresented.
Inulin clearance, which cannot be applied in clinical practice, is regarded as gold standard of GFR measurement. However, radioisotope methods have a high correlation with inulin clearance (r = 0.97) and can therefore be regarded as the best reference method for GFR measurement in clinical practice and equal to the gold standard [15] .
In our analysis, a potential carboplatin dose of ≤90% of the actual carboplatin dose was chosen as the cut-off value to define potential harmful underdosing in the adjuvant setting. This cutoff is based on a post hoc analysis of the TE19/EORTC 30982 trial showing a trend for an increased risk of relapse in those patients with seminoma stage I, who had a dose reduction by 10% (7.4% versus 3.9%; P = 0.08) [9] . Additionally, the concept of a steep dose response in stage I and metastatic Seminoma is supported by a number of studies using Carboplatin at various dose levels [16] [17] [18] [19] [20] .
The upper limit of a potential carboplatin dose of 125% to define potential harmful overdosing has been chosen arbitrarily based on historical comparisons from the metastatic setting: carboplatin AUC10 (=30% greater than AUC7) has been suggested as the upper limit of safe use in patients with advanced Seminoma due to grade 3 and 4 neutropenia in 54% and 24% and grade >3 thrombocytopenia in 54% [21] . In comparison, toxicity from carboplatin AUC7 was mild in the TE19/EORTC 30982 trial (12% grade 1-2 and 4% grade 3-4 thrombocytopenia) [4] .
According to our analysis, CKD-EPI, MDRD and Jelliffe formulae are associated with greatest negative bias and potential underdosing in 41%, 49% and 63% of patients, respectively. In contrast, Mayo and Martin formulae have the most pronounced tendency for overestimation (MPE of +14 and +7.3). CockcroftGault and Wright formulae and the modified flat dosing approach appear to have the lowest bias in our patient cohort with rates of potential underdosing of 18%, 19% and 24%. Subgroup analyses show, that patients with a BMI of 20-25 or 40-49 and , respectively) and a modest risk of overdosing (13% and 7%) if the Cockcroft-Gault formula was used. However, we point out that the absolute number of patients included in these subgroups is rather small (n = 61 and n = 69) representing only 14.3% and 16.2% of the whole cohort. Therefore, this finding should be verified in an independent and larger cohort. Dosing of carboplatin by the Calvert formula based on GFR has been questioned recently by Ekhart et al. [12] based on pharmacokinetic data. They proposed flat dosing of carboplatin if the average carboplatin clearance or GFR for a given population is known. As an interesting finding of our analysis this simple flat dosing algorithm performs well in comparison to the more complicated Cockcroft-Gault formula: the bias is almost identical (MPE +1.9 compared with +2.1) with only slight numerical differences for under-(19% versus 18%, respectively) and overdosing (5% versus. 7%). However, this approach based on mean GFR may be 'overfitted' for our cohort, which at least in part explains its good performance. Flat dosing could serve as a basis for the development of a more simple and precise dosing algorithm for predefined homogeneous groups of patients. But more research into alternatives to the existing formulae should be undertaken beforehand.
Several authors have compared carboplatin dose based on GFR estimates with measured GFR in heterogeneous cohorts of varying size demonstrating varying degree of bias and imprecision for different formulae [22] [23] [24] [25] [26] . The largest analysis published by Ainsworth et al. [22] compared four formulae in a cohort of more than 600 oncological patients, with different cancer types, wide range of age and renal function. They demonstrate lowest bias and highest precision for the CockcroftGault and Wright formulae in the subgroup of patients with BMI >30. Their analysis shares several additional similarities with our work such as a comparable magnitude of imprecision (median APE) and the phenomenon of higher underestimation of GFR by the Cockcroft-Gault formula in patients over 40 years when compared with younger than 40 [22] . Our data are in line with one conclusion of a recent paper by Dooley et al. [26] that oncology derived formulae (Martin, Wright) do not demonstrate any significant advantage over other formulae. In contrast to their work, we have chosen a more stringent cut-off Consequently, our data do not support the view that all bedside formulae result in similar accuracy [26] . The CKD-EPI formula in particular has the most pronounced tendency to increasingly underestimate GFR at higher levels of renal function. Conclusions derived from a 'general oncological population' with wide range of predominantly older age, higher percentage of impaired renal function, often treated in palliative intention have only limited validity for younger patients with normal and high GFR treated with curative intention. Some guidelines recommend capping of GFR value in the Calvert formula at 125 ml/min [27] . However, neither the results from the TE19/EORTC 30982 trial nor our data support this practice in patients with seminoma stage I, and we clearly advise against it in the context of adjuvant treatment with carboplatin [4, 9] .
Particular strengths of this current analysis include the focus on a large homogeneous patient population with predominantly normal renal function. Therefore potential of interference by other factors such as comorbidities and ageing appears low. Data have been prospectively collected in a representative routine clinical setting.
Disadvantages are the hypothetical nature making the association with clinical data impossible. Expertise to perform highquality GFR measurements with radioisotope methods may be restricted to a limited number of centres limiting reproducibility or widespread use in clinical practice.
In summary, neither the Cockcroft-Gault formula nor other formulae for eGFR can be recommended as an alternative to radioisotope measurements based on this analysis. Certain subgroups of patients (age 40-59 years, are at particular high risk of under-treatment if eGFR by Cockcroft-Gault is used for carboplatin dosing potentially compromising clinical outcome. Oncologists treating young patients with normal renal function with carboplatin must be aware of these limitations of the formulae for GFR estimation. Consequently, radioisotope 
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